A general expression for the energy of interparticle interaction induced by an arbitrary mode of light is determined using quantum electrodynamics, and it is shown that the Casimir-Polder potential is included within this quantum result. Equations are also derived for the corresponding coupling induced by multimode number states of light, and the dependence of the pair energy on the Poynting vector and polarization state is determined. Attention is then focused on the interactions between particles trapped in counterpropagating coherent beams, both with and without interference, and it is shown that the results afford insights into the multiparticle structures that can be optically fabricated with counterpropagating input. Brief consideration is also given to the effect of squeezing the optical coherent state. Extending previous studies of optical binding in Laguerre-Gaussian beams, results are given for the case of particles trapped at radially different locations within the beam structure. Finally, consideration is given to interparticle interactions induced by broadband light, and it is shown how the length of optically fabricated particle chains can be controlled by the use of wavelength filters.
I. INTRODUCTION
Electromagnetic fields induce interparticle forces by generating static and dynamic polarizations. The best-known example of such interactions is the Casimir-Polder potential, which can be considered the consequence of an electric polarization induced in the interacting particles by vacuum field fluctuations ͓1,2͔. Another, less familiar, example of such phenomena, also predicted using quantum electrodynamics ͑QED͒ ͓3͔, is an energy shift generated as a consequence of the polarization induced in particles by coherent states of light. The latter phenomenon, first experimentally observed by trapping particle pairs in optical tweezers ͓4͔ and now usually known as "optical binding," is currently the focus of a range of experimental and theoretical investigations ͓5-30͔. The nature of the optical state in an optical trap is important not only for the organization of particles by gradient forces, but also to expedite determination of the form of optically induced interparticle interactions. Laboratory observations are often, for instance, effected in the standing waves of counterpropagating beams, in order to circumvent any effects due to optical pressure; particles trapped by gradient forces are then organized within the maxima of irradiance by optical binding forces ͓12,20͔. Another strategy that is employed is to increase the coherence length of the beams, to avoid the interference between the counterpropagating optical fields; consequently optical binding is observed to play a more important role in particle organization ͓15͔. It has also been shown that particles trapped in the intensity rings of Laguerre-Gaussian light can be organized within these rings by optical binding forces ͓21͔. Particularly relevant to our present study, a recently developed optical trap fabricated using a white light ͑supercontinuum͒ source has permitted interactions to be studied without interference between the particle backscatter field and the beam field, such that it proves possible for particles to be entirely organized along the propagation direction of these beams by the optical binding forces ͓19,30͔. Recognizing the importance of such factors, it is timely to undertake a detailed analysis of the effects of these and other optical states on the optically induced interparticle interaction; this is the subject of the paper that follows.
First, in Sec. II, an expression for the interparticle interaction induced by an arbitrary single mode of monochromatic light is determined using QED, and its relationship with the Casimir-Polder potential is established. Next, in Sec. III, equations for the interaction induced by multimode number states of light are derived for various Poynting vector and polarization conditions. The characteristics of the interaction in coherent counterpropagating beams are analyzed in Sec. IV, and the effect on the interaction of squeezing the coherent state is briefly discussed. In Sec. V, we extend previous QED studies of interparticle interaction in LaguerreGaussian beams, to consider particles trapped in different radial locations of the beam. Lastly, in Sec. VI, an analytical result is derived for the form of an optical binding interaction induced by broadband light, and it is shown how the length of optically fabricated particle chains can be controlled by judicious filtering of the optical input.
II. INTERPARTICLE INTERACTION INDUCED BY A SINGLE MODE OF LIGHT
Here, a QED representation cast in terms of induced moments ͓31͔ is used to derive a general expression for the interparticle potential energy induced by an arbitrarily offresonant mode of light with a discrete wavelength. The results derived with this method in this and the following sections apply specifically to Rayleigh particles, but they can be extended to larger particles by summing over the optical response of small domains, at different locations within each particle ͓26,27͔. To begin, the electrical polarization of a particle, , with position vector r ͑͒ and electric susceptibility ͑͒ , subject to a transverse electric displacement whose field operator is d Ќ ͑r ͑͒ ͒, is written as
where the convention of implied summation over repeated indices is used; here also, the operator d Ќ ͑r ͑͒ ͒ is given by the following mode expansion:
where a ͑͒ ͑p͒ and a †͑͒ ͑p͒ denote the photon annihilation and creation operators, respectively, for the radiation mode ͑p , ͒; e ͑͒ ͑p͒ is the corresponding polarization vector, and ē ͑͒ ͑p͒ is its conjugate; V is an arbitrary quantization volume. The energy operator, for an interaction between particles A and B separated by a displacement vector R, is given by
featuring a retarded interaction tensor whose explicit form is as follows:
͑4͒
The time-averaged expectation value ͑av͒ of the energy in Eq. ͑3͒ for an arbitrary optical input mode ͉X͘, of wave vector k and polarization , is
͑5͒
Using the commutation rule a ͑͒ ͑k͒a ͑͒ † ͑k͒ = a ͑͒ † ͑k͒a ͑͒ ͑k͒ + 1, and expressing the energy shift in terms of the average mode occupation number ͗X͉a ͑͒ † ͑k͒a ͑͒ ͑k͉͒X͘ = ͗n͘ av , within the volume V, we write
where បc 2 k͗n͘ av / V is the mean irradiance of the input. The first term in ͑6͒, proportional to this irradiance, is the optically induced interparticle potential for any type of singlemode optical state. The second term is independent of a mode occupation number; on summing over Poynting vectors it signifies the Casimir-Polder potential ͓1͔.
When multimode states are to be considered, it is necessary to effect a summation over the salient modes, where necessary taking into account the interference between these modes to determine particle organization. Such interference generates gradient forces which are generally much larger than the optical binding forces. The former forces are, for instance, generally important for the organization of particles in counterpropagating beams ͓26,27͔. The degree of interference in multimode states is limited by the uncertainty in phase, ⌬, of each constituent mode-where the phase is = k · R − ckt + , and is defined through a ͑͒ ͑k͉͒X͘ = ͉X͉exp͑i͉͒X͘. For each occupied mode ͉X͘, the phase uncertainty is related to the corresponding uncertainty in the occupation number ⌬n through the relation ⌬n⌬ cos / ͗sin ͘ ജ 1 / 2 ͓32͔. An optical coherent state, which is a state of minimum uncertainty, satisfies the equality in the previous relation, and a superposition of several such laser fields generates interference. In contrast, the superposition of number states cannot generate interference, and in consequence optical binding alone determines particle organization. The detail of the interparticle interaction in multimode number states is considered in the following section.
III. INTERPARTICLE INTERACTION INDUCED BY MULTIMODE NUMBER STATES OF LIGHT
We now consider the interparticle interactions induced by high-repetition-rate pulses of multimode light, e.g., highpower solid-state Nd:glass lasers ͓33͔. The state vector for the radiation can be written in terms of multimode number states of the general form ͉n 1,2. . .m ͘ = ͉n 1 ͉͘n 2 ͘¯͉n m ͘, where ͉n 1 ͘, ͉n 2 ͘ ,..., and ͉n m ͘ are the kets associated with each mode and the time dependence of each mode occupancy is left implicit. Since ͗n 1,2. . .m ͉a † ͑n p ͒a͑n q ͉͒n 1,2. . .m ͘ = n p ␦ pq , we can treat the interaction of each mode with the particles individually ͓34,35͔. To begin, we consider the condition in which the polarizations of all modes are identical and the beam axes collinear ͑both in copropagating and counterpropagating cases͒. In any such case, each mode generates a potential of the same form, and the energy shift is identical to that derived in Eq. ͑6͒ with the term បc 2 k͗n͘ / V replaced by the irradiance of the beam.
Another configuration that can be realized is where a condition of random orientations applies to the Poynting vectors. To address such a case, it is first helpful to perform an average over laser polarizations. The energy shift that results from summing over the polarization of all laser modes can be expressed as
where I is the irradiance of the nonpolarized beam. For randomly oriented Poynting vectors, we then need to write a sum over all possible wave vectors as a continuum integral ͓32͔:
The integration over the solid angle ⍀ can then be solved by using in Eq. ͑7͒ the following relation:
the interparticle interaction energy then emerges as
where the term in square brackets is the spectral irradiance of the light per unit solid angle in the wave-vector interval ͑k , k + dk͒. The above expression has striking similarities to the Casimir-Polder potential ͓1͔ associated with vacuum field fluctuations; the integrand of ͑10͒ differs only from the integrand in Casimir-Polder result by the factor 2͗n͑k͒͘. We now turn to the interaction induced by coherent counterpropagating fields.
IV. INTERPARTICLE INTERACTION INDUCED BY COHERENT COUNTERPROPAGATING FIELDS
Let us now consider the interparticle interaction induced by coherent counterpropagating fields. For the system considered in this section, the directions of the polarization vector and the propagation direction of the optical fields irradiating the particles define the x and z axes, respectively ͑i.e., one beam has its Poynting vector along the direction of the z axis, k, and the other one in the opposite direction, −k; both beams have their polarization along the x axis͒. In this coordinate system, we first determine the local rotationally averaged electric polarization of a molecule, . When this molecule is subjected to the transverse electric displacement field operators d x Ќ͑+͒ ͑r z ͑͒ ͒ and d x Ќ͑−͒ ͑r z ͑͒ ͒ ͑the sign in the superscripts designating co-or counterpropagation with respect to k͒, the mean electric polarization is first written as
where ͑͒ is the isotropic electric susceptibility; and
where a͑Ϯk͒ and a † ͑Ϯk͒ denote the photon annihilation and creation operators for the radiation modes k and −k, respectively ͑we omit the polarization in the notation of these operators, since they can be distinguished by the Poynting vector͒. Also in ͑12͒, V is an arbitrary quantization volume; the scalar r z ͑͒ is the projection on the z axis of the position of the particle , and k is the modulus of the wave vector. The time dependence plays an important role in the calculations effected in this section, and we consider this role can be illustrated most clearly when the time dependence is explicit in the displacement operator; consequently, in Eq. ͑12͒ the unitary transformation Û = exp͕i͓a † ͑Ϯk͒a͑Ϯk͒ +1/ 2͔kct͖ has been used to transfer the time dependence from the states of the radiation to the operators ͓34͔.
The expectation value of the energy shift, given by Eq. ͑3͒, can be determined by introducing the coherent state ͉␣ ͑+͒ ͉͘␣ ͑−͒ ͘ to describe the state of the radiation field, where ͉␣ ͑+͒ ͘ represents the state of the mode k and ͉␣ ͑−͒ ͘ the state of the mode −k. The expectation value of the interparticle interaction potential energy, if there is a slight shift Ϯ⌬k between the modulus of the wave vector of the counterpropagating beams, can be expressed as follows;
where the terms involving a product of two annihilation or two creation operators have been discarded since they are rapidly oscillating and their time average is zero. This interparticle interaction potential, which has previously been determined for a field described by number states ͓31͔, is evaluated here using the commutation relation a͑Ϯk͒a † ͑Ϯk͒ = a † ͑Ϯk͒a͑Ϯk͒ + 1, and the following eigenvalue equations for the coherent states involved:
The positive and negative propagation components of the classical fields for the mode k, for instance, correspond to i͑បck 0 / 2V͒ 1/2 ␣ ͑+͒ e ik͑+r z −ct͒ and −i͑បck 0 / 2V͒ 1/2 ␣ ͑+͒ e ik͑−r z +ct͒ , respectively ͓32,36͔. The last term in Eq. ͑13͒, with the factor cos͓k͑r z ͑A͒ + r z ͑B͒ ͒ Ϯ⌬kt͔, is only present when ⌬k = 0; otherwise its time average is zero. It is worth noting that, if the radiation field is described by number states this term again disappears; i.e., a degree of coherence is necessary for the simultaneous interaction with the two modes not to vanish.
The interparticle interaction can finally be written as follows:
where g = cos͓k͑r z ͑A͒ − r z ͑B͒ ͔͒ when ⌬k 0 and no interference is present, and g = 2 cos kr z ͑A͒ cos kr z ͑B͒ when ⌬k = 0 and a standing wave is formed; the irradiance I for any of the counterpropagating beams is given by ␣ ͑+͒ ␣ ͑+͒ បc 2 k / V. Since the fields of the two counterpropagating beams are assumed identical or very similar, we have also set ␣ ͑−͒ = ␣ ͑+͒ . We now study the energy surfaces generated by this form of interaction. Figure 1 illustrates the result for particles trapped in the standing wave of counterpropagating plane waves ͑when ⌬k =0͒; in Fig. 1͑a͒ , the two particles are trapped by gradient forces in the same maximum of irradiance of the interference pattern; in Figs. 1͑b͒-1͑d͒, the two particles are trapped in two different maxima separated by / k, 2 / k, and 3 / k, respectively. The minimum in the position ͑R x , R y , R z ͒ = ͑6 / k ,0,0͒, which can be observed in Fig. 1͑a͒ , is responsible for transverse optical binding; the minima in the positions ͑0,0, / k͒, ͑0,0,2 / k͒, and ͑0,0,3 / k͒ that can be observed in Figs. 2-4 are all contributions to the formations of chains of particles along the propagation direction of the field ͑longitudinal optical binding͒. Figure 2 shows a contour map of this optically induced interparticle potential energy in the case where ⌬k 0, and consequently there is no interference. The contour map is drawn for a plane perpendicular to the polarization of the field, where multiparticle structures are expected to be located. As has been discussed in detail previously ͓37͔, this energy landscape can be responsible for LG beam with p =1, l = 1, and for k 0 = ͑a͒ 10, ͑b͒ 20, ͑c͒ 30, and ͑d͒ 40. The maximum of irradiance where the particle A is present is at r 1 = 0.47k 0 from the beam center, and for the particle B is at r 2 = 1.51k 0 . Angles A and B are as shown in Fig. 1 . In the scale of the figure ͑a͒ black signifies −1.06ϫ 10 −4 , white 1.00ϫ 10 −4 ; ͑b͒ black −2.43ϫ 10 −5 , white 1.04ϫ 10 −5 ; ͑c͒ black −6.22ϫ 10 −6 , white 6.37ϫ 10 −6 ; ͑d͒ black −2.47ϫ 10 −6 , white 2.33ϫ 10 −6 . Energy units
the formation of longitudinal or transverse particle chains, and many other planar structures. It is also worth considering the effect on this interaction of squeezing a coherent state. These states Ŝ ͉͑͒␣͘ are generated by the operation of the squeeze operator, Ŝ ͑͒ = exp(͕a ͑͒ ͑k͒ 2 − ͓a †͑͒ ͑k͔͒ 2 ͖ / 2), on a coherent state ͉␣͘ ͓34,35͔; here, = se i is the complex squeeze parameter. The mean photon number in the resulting mode can be shown to be ͗n͘ = ͉␣͉ 2 + sinh 2 s. Since the optically induced interparticle interaction is proportional to this number, the interaction increases sharply with the magnitude of the squeeze parameter s. In the following section we consider the optically induced interaction between particles trapped in Laguerre-Gaussian beams.
V. INTERPARTICLE INTERACTION IN LAGUERRE-GAUSSIAN BEAMS
Let us now consider the interaction between particles trapped in Laguerre-Gaussian ͑LG͒ beams. We denote this coherent state as ͉⌳͑k , , l͒͘; the operations of the annihilation and creation operators on ͉⌳͑k , , l͒͘ and ͗⌳͑k , , l͉͒, respectively, are as follows: a ͑͒ ͑k͉͒⌳͑k,,l͒͘ = ͉⌳͑r,z͉͒exp͓i͑r,z͔͉͒⌳͑k,,l͒͘, ͑15͒ ͗⌳͑k,,l͉͒a †͑͒ ͑k͒ = ͗⌳͑k,,l͉͒exp͓− i͑r,z͔͉͒⌳͑r,z͉͒,
͑16͒
where the eigenvalue in ͑15͒ is related to the positive propagation term of the classical field ͓36͔ and, from the complex amplitude of the field of a LG beam ͓38͔, we write ͉⌳͑r , z͉͒ and ͑r , z͒ within the paraxial approximation as follows:
Here, C p ͉l͉ is the normalization constant; w͑z͒ = w 0 ͱ 1+z 2 / z R 2 is the radius of the beam at z, where w 0 is the Gaussian beam waist at z =0; L p ͉l͉ ͑x͒ is the generalized Laguerre polynomial of order p and argument x; ͓͑2p + l +1͒arctan͑z / z R ͔͒ is known as the Gouy phase and 2z R is the Rayleigh range, a measure of z over which collimation is sustained. The location of a particle in the beam is then expressed using the same parameters with as a subscript, ͑z , r , ͒. Although a number state formulation for the interaction of particles with Laguerre-Gaussian beams has been developed ͓39͔, we adopt the one discussed above, since with this formulation the interaction of particles in different locations of the beam structure can be easily considered.
Let us now consider a system comprising two spherical particles A and B trapped by gradient forces in the waist of a beam of this type. We consider the case of particles located in different rings to extend previous results on optical binding in a single annulus ͓40͔. Particle A is in the first ring, the one of maximum irradiance and radius r 1 , and particle B is in the second ring r 2 . The location of the particles can then be specified by the parameters ͑z A , r A , A ͒ = ͑0,r 1 , A ͒ and ͑z B , r B , B ͒ = ͑0,r 2 , B ͒, as is shown in Fig. 3 . The expectation value of the optically induced interparticle interaction potential may then be determined as in previous sections, and written as
where 0 ͑A͒ and 0͑B͒ are the susceptibilities of particles A and B; the Cartesian components of the particle displacement vectors are given by R x = r 2 sin B − r 1 sin A , R y = r 2 cos B − r 1 cos A , and R = ͱ R x 2 + R y 2 . The spatial distribution of the potential energy ͑19͒, for a beam with a field defined by the LG parameters p = 1 and l = 1, is illustrated in Figs. 4 and 5 for various field polarization conditions. The positioning of the potential energy maxima and minima determine the form of patterning in the optically configured potential energy surface. The energy minima, in particular, will determine the optimum locations for distributing optically trapped particles. The variation with A and B of features in the potential energy landscape, exhibited in Figs 4 and 5, is independent of k and w 0 for any fixed value of kw 0 . For example, increasing k ͑equivalent to reducing the wavelength͒ by a factor of n, whilst also reduc- ing w 0 by the same factor, does not change the appearance of the landscape. However, the absolute energy values are a sensitive function of k through an overall proportionality to k 5 ; small changes in this parameter can thus produce significant increases in the magnitude of the binding energiesnotice the units for the energy scales in these figures. For these figures we have chosen values of kw 0 that will satisfy the paraxial approximation. We now focus in more detail on the results. Figure 4 shows contour maps of the interparticle interaction potential induced by a LG beam that is linearly polarized along the y axis, for different values of kw 0 . A general feature that may be observed is a pattern of four sequences of alternating minima and maxima, centred at ͑ , ͒, ͑0, 0͒, ͑ ,0͒, and ͑0,͒. In these sequences, the number of maxima and minima increases with kw 0 , in agreement with the linear increase of the ring perimeter with this parameter, and the oscillatory dependence of the interparticle potential on the relative displacement vector. Since the perimeter of the ring where particle B is present is significantly larger than the one where A resides, these sequences extended over a large range of B and a small range of A . Figure 5 shows the potential induced by a beam of the same wave-front topology as in Fig. 4 , when the beam is either circularly or radially polarized; both polarizations lead to the same result, again exhibited for different values of kw 0 . A number of potential energy minima and maxima of varying magnitudes, as a function of ͉ B − A ͉, can be observed; the number of minima increases in approximately linear proportion to kw 0 , and the individual features are in general distributed uniformly on ͉ B − A ͉. These potential energy surfaces show that, by manipulating the parameter kw 0 , the arrangement of particles on the individual rings of LG beams may be controlled.
VI. INTERPARTICLE INTERACTION INDUCED BY BROADBAND RADIATION
In this section, we consider the optically induced potential induced by broadband light. It is well known that a broad white-light continuum can be generated from mode-locked laser light by means of supercontinuum generation ͓41͔. The highly incoherent light resulting from this process has been used for the fabrication of optical traps with marked structural differences from those produced by monochromatic light ͓28͔. Due to the small coherence length of the continuum radiation, such traps circumvent any problems due to interference between counterpropagating beams, or interference between the backscatter and beam fields ͓28,29͔, each of which may influence particle organization in studies using narrow bandwidth radiation. In these traps, the organization of particles along the Poynting vector proves attributable to optical binding-an optically induced form of particle coupling generally studied with monochromatic radiation ͓26͔.
For simplicity, the analysis addresses a single direction of beam throughput; an extension to counterpropagating beams is perfectly straightforward. The direction of polarization of the linearly polarized input is designated the x axis, and the Poynting vector the z axis. To begin, the induced electric polarization of a Rayleigh particle with electric susceptibility ͑͒ ͑k͒ = ͑͒ ͑k ,−k͒ for a mode with wave-vector modulus k is written as ͓35͔
where V is an arbitrary quantization volume; the scalar r z ͑͒ is the projection on the z axis of the position of the particle ; is the permittivity of the medium within which the particles are supported;
͑͒ ͑−k͒ = ͑͒ ͑−k , k͒. The time average ͑av͒ of the energy shift operator for the optically induced interaction between particles A and B can be written using the QED method cast in terms of induced dipoles as follows ͓31͔
where R = ͑r x ͑B͒ − r x ͑A͒ , r y ͑B͒ − r y ͑A͒ , r z ͑B͒ − r z ͑A͒ ͒ is the interparticle vector between the particles A and B. Inserting Eq. ͑20͒ in ͑21͒, and using the commutation relation a † ͑k͒a͑k͒ − a͑k͒a † ͑k͒ = 1, the energy shift can be expressed as
where we have neglected the Casimir-Polder potential ͑which is relatively insignificant over the distances usually associated with optical binding͒, as shown in Sec. I. The discrete sum over k is now replaced with the following continuum integral ͓35͔:
where a͑͒ and a † ͑͒ denote the continuum photon annihilation and creation operators, respectively, at frequency ; f͑k͒ is an arbitrary function of k. The expectation value of the energy shift for the continuum state ͉͕x͖͘ is accordingly expressed as
where the spectral irradiance of the source is given by
Equation ͑24͒ is applicable to optical states with any phase uncertainty and to multimode states, where the occupation number may change in space. In the following section it is shown how the application of this result affords a method for the fabrication of moldable particle arrays using continuum light.
Moldable particle arrays
Recent research has shown that particle arrays whose formation is optically induced can be micromanipulated with precision by a secondary field ͓42͔. Here, a method by means of which optically fabricated arrays can be molded using continuum light is described. For convenience the spectral irradiance of the light is assumed to have Lorentzian form:
where 0 determines the center frequency; the parameter K determines the maximum, and ␥ the width of the function. For simplicity, each of the interacting pair of particles A and B is assumed to comprise centers ͑molecules͒ whose optical response is dominated by the ground state, ͉0͘, and one excited state, ͉r͘, and consequently the particle susceptibilities are given by
where N is the number of optical centers per particle; ប r0 is the difference of energy between the states ͉0͘ and ͉r͘; r0 = ͗r͉͉0͘ is the transition moment associated with the electronic transition ͉r͘ → ͉0͘. To avoid absorption and any attendant thermal effects ͑which might change optical properties͒, and to observe the dependence of the interparticle potential energy surfaces on spectrally different forms of irradiance, part of the light can be filtered. Experimentally, this is expedited by the use of long-pass filters, whose effect on the spectral irradiance is illustrated in Fig. 6 . Under these conditions, the interparticle potential energy for each particle pair can be written as follows:
The integral can then be evaluated numerically. It is now possible to explore the effect of choosing different spectral intervals by using pass filters with different wavelength characteristics ͑hence different values of 1 ͒. The graphs in Fig.  7 show the optically induced interparticle potential along the Poynting vector of the beam for different values of 1 . Having regard to the ordinate axis values, this figure reveals that, by increasing the region of the spectrum interacting with the particles ͑i.e., by a positive shift in 1 ͒, the magnitude of the energy shift is significantly increased in the first three graphs; this is a simple consequence of the corresponding increase in irradiance. More significantly, the sequences of minima within each such curve form a series in which each is separated from the next by about the same distance, a condition that favors the formation of particle chains ͓20͔.
With a change of 1 , the locations of all the minima in every graph are displaced in a positive or negative sense in identical proportion. This suggests that any variation in the position of the first minimum is indicative of a corresponding change in the length of particle chains along the Poynting vector. The graph in Fig. 8 illustrates the dependence of the location of the first potential energy minimum as a function of 1 , revealing that optically induced chains may be controllably extended or contracted by filtering appropriate frequency regions of the continuum input radiation.
VII. CONCLUSION
A quantum electrodynamical analysis of the optically induced interparticle potential has been performed with a focus FIG. 6 . Spectral irradiance of light, with Lorentzian spectrum, transmitted through a long-wavelength pass filter.
FIG. 7.
Optically induced interparticle potential given by Eq. ͑28͒ for 0 =10␥, r0 =20␥, and 1 = ͑a͒ 5␥, ͑b͒ 8␥, ͑c͒ 12␥, and ͑d͒ 15␥. The units of energy and distance are 400KN 2 ͉ r0 ͉ 4 / ͑c o ប 2 ͒ and c / ␥, respectively. The Poynting vector is along the z axis and the polarization is along the x axis. on the differences produced by various types of optical field. Specifically, number states, coherent states, squeezed coherent states, Laguerre-Gaussian ͑twisted or vortex͒ beams, and broadband light have been analyzed. Among other results it has been shown, for example, that a variety of particle chains and other structures can be fabricated in counterpropagating beams; that the organization of particles in the rings of Laguerre-Gaussian beams can be directly controlled by varying the product of the wave number and the spot size at the beam waist; that the length of particle chains can be controlled by tailoring broadband light with wavelength cutoff filters. Such results exhibit the rich scope for optical fabrication and management of diverse types of particle structures, solely using the properties of states of light. Further studies of optical manipulation with broadband light are the subject of ongoing research.
It is important to place the results in a proper context of their potential experimental realization. In principle, the lower the magnitudes of the optical property tensors and the masses of the optically trapped particles, the higher the probability that noise and thermal energy might diminish these interactions. In consequence, optical binding forces are indeed more easily observable for microparticles than for nanoparticles, and the phenomenon has a significantly lower probability for detection between molecules. However, observations of optical binding are generally performed using optically trapped species with an extremely low translational temperature, and the observed structures are remarkably stable-to the extent that forced perturbations can be used to ascertain restoring forces through a study of the oscillatory motions centered on local potential energy minima ͓15͔. Given that there has been significant success when trapping single atoms in optical traps ͓43͔, there are good reasons to suppose that very small particles will display the interactions we have described, in suitably cooled systems. FIG. 8 . Position of the first energy minimum of the potential interaction energy illustrated in Fig. 7 as a function of 1 , representing pass filters with different wavelength characteristics ͑see text, and Fig. 6͒ . The units of distance and frequency are c / ␥ and ␥, respectively
